and morphology from control inoculations containing wild-type RNA-2. Sequence analysis of progeny RNA-2 from two single lesion isolates for each mutant inoculum revealed that the input mutations were restored to functional sequences by homologous recombination within the 3' tRNA-like region. These results, which reflect the ease with which progeny RNA can be characterized from single lesions, exemplify the value of C. hybridum for studying recombination among viral RNAs.
RNA recombination is considered to be an important process in the evolutionary variation of animal viruses (King, 1988) , and have provided evidence for recombination among RNAs of brome mosaic virus (BMV) which infects many monocotyledonous plants. In contrast, no recombination was observed by Dreher et al. (1989) when barley plants were inoculated with four BMV RNA-3 mutants together with wild-type transcripts of RNAs-1 and -2. Two of the mutants used were severely debilitated in negative strand promoter activity and yielded minimal amounts of virus; under such conditions, strong selection for functional recombinants might well be anticipated.
We envisioned that even greater selection for infectious recombinants would be exerted when mutations affecting replication are present on BMV RNAs-1 or -2 because they encode peptides known to be associated with functions intimately related to replication rather than cell-to-cell transfer or coat protein synthesis, as is the case for proteins encoded by RNA-3. Consequently, three mutations (5'PsK; 5' + 3'PsK; Aknob) previously introduced into the 3' tRNA-like region of RNA-3 and known to be deficient in vitro with respect to replication and other tRNA-like functions (Dreher & Hall, 1988a, b) were incorporated into full-length RNA-2 transcripts and their ability to replicate in protoplasts was evaluated. These tests showed that, although RNA-2 replication was severely debilitated, RNAs-1 and -3 accumulated at near wild-type levels; apparently, the low level of protein 2a translated from the unmodified open reading frame of each mutant RNA was capable of functioning in trans to support their replication (Rao & Hall, 1990) . However, when negative strand synthesis was completely incapacitated, by deletion of the entire 3' tRNA-like structure, recombination was seen in two of eight experiments (Rao & Hall, 1990) . These observations suggested that the protoplast system offered some advantage over barley plants in searching for recombination, but the frequency for recovery of recombinants was still low. An observation that RNA accumulates to high levels within the discrete lesions resulting from inoculation of Chenopodium hybridum with BMV (A. L. N. Rao, unpublished) , suggested such conditions might be especially favourable for recombination. This concept is supported by the results presented here, since BMV RNA-2 recombinants were readily obtained from local lesions following inoculation of C. hybridum leaves with the same replication-deficient mutants previously used in the protoplast experiments.
Capped transcripts corresponding to full-length genomic RNAs-1, -2 and -3 were made from cDNA clones pT7B1, pT7B2 and pT7B3(-Tth) respectively . The 5'PsK, 5' + 3'PsK and Aknob mutations previously introduced into the 3' tRNAqike structure of RNA-3 and characterized in vitro (Dreher & Hall, 1988a, b) were transferred to a full-length cDNA clone of RNA-2 as 200 base pair fragments , yielding mutant derivatives of RNA-2/3 ( Fig. 1 . The sequence of wild-type BMV RNA-2, and of RNA-2 bearing the 3' 200 nucleotides of wild-type RNA-3 (RNA-2/3) is shown in (a), together with the sequence alterations present in mutations 5"PsK, 5' + 3'PsK (large letters, underlined) and Aknob (11 indicates deleted nucleotides) introduced into the 3' region of RNA-3 (Dreher & Hall, 1988a) . The sequences of RNA-2 progeny are shown in (b) together with those of the 3' termini of wild-type RNAs-1 and -3 to demonstrate the region (dashed lines, arrows) within which recombination occurred. Type 1 refers to recombination between the RNA-2 mutant and the 3' sequence of RNA-1. Type 2 refers to recombination between three RNA-2 mutants and the 3' sequence of RNA-3 (see text for details). Stippled boxes indicate regions of identical sequence. Nucleotides that distinguish wild-type RNAs-I and -2 from wild-type RNA-3 are denoted by underlined italic letters and their positions numbered with reference to the 3' terminus. ORF, open reading frame. l a). Transcripts of genome (positive) polarity were synthesized in vitro from wild-type and mutant templates and adjusted to 100 lag/ml in a buffer containing 50 mM-Tris-HCl pH 7-0, 250 mM-NaC1, 5 mM-EDTA and 3 mg/ml bentonite. C. hybridum plants at the two-leaf stage (previously kept in the dark for 12 h) were mechanically inoculated with 10 pl of this mixture. Control inoculations were performed with mixtures containing wild-type transcripts. Single, discrete, lesions were excised with a sterile cork borer and Northern hybridization was used to analyse progeny R N A s which were subsequently propagated by inoculation of C. hybridum plants at the two-leaf stage. One week after inoculation, virus was purified from inoculated leaves showing distinct lesions according to Lane (1981) and R N A was extracted using phenol-chloroform (Loesch-Fries & Hall, 1980) . c D N A clones corresponding to progeny RNA-2 were constructed using polymerase chain reaction (PCR) techniques similar to those of Saiki et al. (1988) . Approximately 2 ~tg of total virion R N A in 10 ~tl of sterile water was denatured for 7 min at room temperature by the addition of 6 p,l of 100 raM-methylmercury and then neutralized for 5 min at room temperature with 3-1 ~tl of 700 mM-2-mercaptoethanol. To this, 5 rtl of 10 x P C R buffer (1 x contains 80 mM-Tris-HC1 pH 8.0, 17 mM-(NH4)2SO4, 6.8 mM-MgCI2, 10 mM-2-mercaptoethanol and 0.5 mg/ml bovine serum albumin), 42 pmol of first synthetic primer d(5' G A C A T G G T C T C T T T T A G 3') complementary to the 3' end of each of the four BMV RNAs and 42 pmol of second synthetic primer d(5' A G G A C C A C A C A A C G C T T G 3') complementary to sequences approximately 450 bases from the 3' end of the negative strand of BMV RNA-2, 80 units of avian myeloblastosis virus reverse transcriptase (Pharmacia), 1 unit of Taq D N A polymerase (Promega) and 500 ~tMd N T P s (Pharmacia) were added. The volume of the reaction mixture was adjusted to 50 ~tl with sterile water and overlaid with 100 ~tl of paraffin oil. Following firststrand c D N A synthesis for 60 to 90 min at 42 °C, 90 cycles of P C R were performed in a programmable Dri-Block [Techne (Cambridge) Ltd.]. A single cycle consisted of 1 min at 90 °C for denaturation, 2 min at 37 °C for annealing, and 2 min at 70 °C for elongation. The P C R product was then treated with Klenow fragment to extend incomplete D N A fragments fully, treated with T4 polynucleotide kinase (Maniatis et al., 1982) , cloned into the Sinai site of the pT3/T7lacZ vector (Pharmacia) and the inserts were sequenced as described by Rao et al. (1989) .
The time course (3 to 4 days) of appearance and development of local lesions on C. hybridum leaves represents the sequence of one recombinant identified between input RNA-2/3-5'PsK mutant and wild-type RNA-I. Panel (b) shows the representative sequence obtained for progeny of five separate recombinants between input RNA-2 mutants and wild-type RNA-3 (see text). As shown in Fig. 1 , nucleotides at positions 43 and 44 differentiate the sequence of RNA-1 (* in a) from that of RNA-3 (+ in b); the presence of A at position 131 reveals derivation from RNA-3 because RNA-I has C at that position. Numbering is from the 3' terminus.
inoculated with transcripts of wild-type RNAs-1 and -3 and RNA-2 bearing the 3/5'PsK or the 3/5'+ 3'PsK mutations were indistinguishable from those produced by inocula containing wild-type RNA-2. The onset of lesions on plants inoculated with mixtures containing RNA-2/3Aknob was delayed by 2 days, but after 6 days the lesions appeared similar to those resulting from wildtype infections. Northern hybridization analysis of total RNA isolated from discrete lesions resulting from inoculation with each mutant yielded similar levels of RNA-2 to those of the wild-type control (data not shown). This contrasted markedly with the low replication (< 5% of wild-type) of these three RNA-2 mutants in barley protoplasts (Rao & Hall, 1990) , and suggested that recombination might have occurred. To identify rigorously the sequences present in the progeny RNA-2, a total of six single lesions (two for each mutant inoculum) were amplified in C. hybridum and cDNA libraries were constructed. As shown in Fig. 1 and 2 , sequencing (approx. 450 bases) of individual cDNA clones revealed the differences from both wild-type and supplied mutant RNA-2. It was evident from these results that recombination had occurred between the supplied mutant RNAs and 3' sequences from RNA-3 or RNA-I. Within the 3' 131 nucleotides that contain the tRNA-like region, RNA-2 is distinguished from RNA-3 by the presence of a G instead of A at position 44. RNA-1 can be distinguished from both RNA-2 and RNA-3 by the presence o f U at 43 and C at 131 (Fig. la) . Since no sequences containing 44GC43 were recovered in progeny RNA-2, we were able to eliminate any possibility that media, plants or input transcripts were contaminated with wild-type RNA-2.
Two different groups of recombinants were identified ( Fig. 1 b and 2) . The first type ( Fig. 1 b and 2b) in one single lesion isolate resulted from inoculations containing the RNA-2/3-5'PsK mutant. In this case, it was evident that recombination with wild-type RNA-I had occurred from the presence of U at position 43 and G at position 44 ( Fig. I b and 2b) . Since the 5'PsK mutation involves changes at positions 115 to 113 (Fig. la) , the absence of a C at position 131 ( Fig. 1 b and 2b) indicated that strand switching occurred between nucleotides 116 and 130. The second type correspond to the acquisition of the 3' terminus of wild-type RNA-3 by the mutant RNA-2. Five of the six recombinants were of this type (two each for inoculations containing RNA-2/3-5' + 3'PsK and RNA-2/3-Aknob and one for the RNA-2/3-5'PsK mutant). Progeny RNA-2 from these had 3' terminal sequences (200 nucleotides) identical to that of wild-type RNA-3 ( Fig. 1 b and 2a) ; i.e. they contained A instead of G at position 44. No other sequence changes were found. As BMV RNAs-2 and -3 differ by only this base in this region (Fig. 1 a) it is difficult to specify the precise site of recombination.
Presently, it is not known whether one or several mechanisms of RNA recombination exist. Of the two hypotheses most frequently considered, the copy-choice mechanism, in which the viral RNA polymerase switches templates during negative strand synthesis, has been favoured in the case of poliovirus (Kirkegaard & Baltimore, 1986 ). An alternative mechanism would be the breaking and rejoining of RNA strands; in such a situation, the possibility for loss (or insertion) of sequences appears high. Since all of the recombinations characterized here involved precise recombination, we believe the copy-choice hypothesis best fits the observations. Further, since nascent RNA-3 negative strands are likely to be the most abundant template donors (BMV RNA-3 replicates to much higher levels than does RNA-1), our observation of five recombination events with RNA-3 but only one with RNA-1 also favours the copychoice mechanism.
Our results differ from those of in two respects. The most significant is that the homologous recombinations characterized here favour the copy-choice mechanism whereas the illegitimate recombination reported by for the M4 mutant of BMV RNA-3 can be interpreted as having occurred by a breaking and joining mechanism. Of lesser importance is the fact that lesions having wild-type morphology were visible by 3 to 6 days in C. hybridum plants whereas a 10 to 15 day period was required to detect recombination between RNA-1 or -2 and the M4 deletion mutant of RNA-3 . Consequently, it will be useful to determine whether the rapid selection of recombinants in C. hybridum results from a different mechanism from that occurring in barley and, if so, whether this is affected by the specific mutation studied or the different host plants used. The rapid accumulation of viable recombinants found in C. hybridum suggests that this host, plus the high concentration of viral RNA within the limited area of the local lesion, may provide extremely favourable conditions for recombination and selection of viable recombinants. These experiments, and others in which recombination was detected in protoplasts (Rao & Hall, 1990) , support the conclusions of that BMV RNAs can recombine in a relatively facile manner. Nevertheless, no recombination of greatly debilitated BMV RNA-3 mutants (e.g. the 5'PsK alteration) was observed in barley plants by Dreher et al. (1989) , making it evident that recombination does not occur ubiquitously. Since lesions were obtained for all C. hybridum plants inoculated with the mutants described here, it appears that this is an excellent approach for obtaining BMV RNA recombinants. Additionally, progeny RNA can be readily isolated from a single lesion and it is likely that refinement of PCR techniques will permit direct sequence determination of products, obviating the need for cDNA cloning. Since RNA from many single lesions can be characterized, the frequency of similar or differing recombinations can realistically be analysed.
Consequently, we propose using this host to reevaluate recombination among the mutants previously tested in barley by Dreher et al. (1989) . The frequency of recombination observed here also suggests that this is an appropriate system in which to use RNAs containing mutations distributed along the molecules in order to determine whether any site-specificity or preference for recombination exists.
Recombination between viral molecules provides an important mechanism for genetic exchange among viruses. If recombination is confined to homologous regions, then exchange between viral RNAs of low sequence similarity would be rare. However, if recombination between dissimilar regions of RNA, such as that seen by , is confirmed, rather frequent interchange is predicted.
